Monolayer transition metal dichalchogenides (TMDCs) are excellent models for the exploration of semiconductor physics at the two-dimensional (2D) limit, with potential applications in electronics, optoelectronics, and quantum devices 1 . Heterobilayers formed from stacking two TMDC monolayers at controlled angles may bring about new physical properties or processes, such as moire excitons 2-6 , long-lived spin valley polarization 7, 8 , exciton condensation 9,10 , and quantum phases of carriers 11 . For TMDC heterostructures with type-II band alignment, photoexcitation of one monolayer leads to electron or hole transfer to the other
monolayer on ultrafast time scales, resulting in interlayer excitons with electron and hole spatially separated into the two individual layers [12] [13] [14] [15] [16] . The experimental observations of ultrafast electron transfer (≤100 fs) across TMDC heterobilayers regardless of layer orientations, i.e., momentum mismatch at the K points, are not understood 15, 16, 20, 21 . While interfacial electron transfer across a TMDC heterobilayer has often been assumed to occur at K/Kʹ points located at the hexagonal Brillouin zone corners, wavefunctions at the K point band edges are predominantly formed by inplane metal atom dxy and dx2-y2 orbitals that are strongly confined within each monolayer, with little inter-layer electronic interaction 17, 18 . In contrast, much stronger inter-layer electronic coupling at other momentum spaces, such as Q, M, and M/2, have been predicted from first principles calculations 18, 19 . Figure 1 (a) shows band structure calculated at the G0W0 level of theory with spin-orbit coupling by Okada et al. for the angle-aligned WS2/MoS2 heterobilayer 22 .
In contrast to the K points that are localized to each TMDC monolayer, two local minima in the conduction band (CB), M/2 and Q valleys, have mixed characters of both TMDC monolayers and therefore possess strong interlayer electronic coupling. Upon photoexcitation in the K valley in WS2, the conduction band electrons can be scattered by phonons to the layer-mixed Q or M/2 valleys, enabling rapid interlayer charge transfer. Unfortunately, all previous experimental studies on TMDC heterobilayers have relied on optical spectroscopies that predominantly probe optically bright transitions at the K/Kʹ points, with little information on other momentum spaces.
Here we apply TR-ARPES to probe interfacial electron transfer dynamics in TMDC heterobilayers with time, energy, and momentum resolutions. We directly determine the dynamic distribution of CB electrons across the Brillouin zone and momentum specific band renormalization. The latter reflects the strong many-body Coulomb interactions in 2D due to quantum confinement and reduced dielectric screening 23, 24 , as we demonstrated recently using TR-ARPES on photo-excited monolayer MoS2 25 . In the present study, we choose the model system of WS2/MoS2 hetero-bilayer on a dielectric surface (285 nm thick SiO2 on n-doped Si), as shown by an optical image in Figure 1(b) . We improve the metal-assisted exfoliation technique [26] [27] [28] for layerby-layer exfoliation to produce single crystal TMDC monolayers with macroscopic lateral dimensions in the mm-cm range, with yields approaching 100%. To construct the heterobilayer, we first exfoliate a MoS2 monolayer on the SiO2/Si substrate and place a second WS2 monolayer on top with a controlled angle. The lateral size of the resulting heterobilayer region is > 3 mm and the crystalline alignment determined by second harmonic generation (SHG, Fig. S1 ) shows a small interlayer twist angle of 5°. We deposit gold electrodes on the side of the heterobilayer for grounding. The use of a wide bandgap SiO2 dielectric substrate minimizes effects on the energetics and dynamics of the TMDC heterobilayer. A schematic of the pump-probe scheme is shown in Figure 1b . The visible pump beam (hn1 = 2.2 eV, 40 fs pulse width, s-polarized, ~10 13 /cm 2 absorbed photons per pulse) excites electrons from VB to CB and the extreme UV probe (hn2 = 22 eV, pulse duration <100 fs, p-polarized, ~10 9 photons/pulse) ionizes the electrons from both shown by ARPES without pump in Fig. 1c and 1d . The experimental band structure agrees well with the theoretical predictions in Fig. 1a and differs from the ARPES of WS2 and MoS2 monolayers (Fig. S2) . The population at the M point can by mediated by the M/2 point and both processes require the participation of a phonon, likely a longitudinal optical (LO) phonon 33 , for momentum conservation.
Following the ultrafast rise, the electron populations decay with a single exponential lifetime of tMd = 0.7±0.1 ps at both M and M/2 points; black curves are single exponentials convoluted with
Gaussian cross correlations. As we discuss below, this decay can be attributed to the transfer of electron population to the lower-lying Q (mixed WS2 and MoS2) and K (MoS2) valleys, as well as
Auger recombination at the initial high excitation densities.
In contrast to the prompt formation of M/2 and M electrons, there is a delay component in the rise in either K or Q electron signal, as is obvious from the comparison between experimental kinetic profiles (grey) and laser CCs (blue) in Fig. 3a& 3b. Kinetic fits (black curves) give effective rise time constants of t = 0.4±0.2 ps the K and Q points, respectively. Here t reflects an average of the prompt formation of electron population at K from optical excitation, the ultrafast transfer from K to Q, and/or the delayed formation due to inter-valley scattering from M and M/2.
Following the rise, the decay in either case can be described by bi-exponentials, with time constants for the fast and slow channels of td1 = 0.7±0.3 ps and td2 ≥ 40 ps, respectively. The fast channel dominates initially and is likely a result of manybody scattering, such as Auger recombination, at the initial high excitation density. While the K point is predicted to be the global conduction band minimum (CBM), the Q point lies close in energy (see Fig. 1a) . Thus, the similarity in the kinetic profiles at the K and Q points suggests a dynamic equilibrium. Assuming the same photoionization cross sections from the two points and neglecting the difference in density-of-states, we estimate the energy difference between these two points from the photoelectron intensity ratio at long times (~10 ps) based on the Fermi-Dirac distribution. This estimation gives a difference of DCBMQ-K ~ 20 meV, which is smaller than the predicted value of 130 meV without carriers 22 . The accumulation of electrons in different CB valleys will renormalize and shift the CB positions relative to each other. In each monolayer, the Σ point, akin to the Q point in a heterobilayer, is predicted to shift more significantly than K upon electron doping 34 , resulting in a reduction in energy difference. The slow decay channel at td2 ≥ 40 ps is assigned to the radiative and nonradiative recombination of direct and indirect interlayer excitons.
In addition to the energy integrated electron intensities, we show energy-resolved dynamics in the K and the Q valleys in Fig. S4 for early time energy relaxation. Within ~200 fs, the average energy at the K point decreases by ~ 300 meV, which is reflective of CB electron population relaxation from WS2 to MoS2. In contrast, the energy distribution of electrons in the Q valley stays mostly constant on the ultrafast time scale. This suggests that the initial transfer from the photoexcited K valley in WS2 to form hot electrons in the mixed Q valley is negligible. Concurrent with CB dynamics, we probe the VBs from the EDCs at different momentum positions, illustrating the dynamics of band renormalization from charge carriers at each valley.
While we are not able to determine the photoinduced hole populations due to small changes in VB signal, we clearly resolve shifts in the VB edges attributed to band renormalization from photoinduced charge carriers. The shift of the VBM can be obtained by linear extrapolation near the high energy cutoff, showing the relative change in the VBM upon photoexcitation (EDC in 2D
pseudo color plots are shown in Fig. S5 ). The monolayers and the heterobilayer are highly n-doped and the n-doping pins the CBM to the Fermi energy. As a result, the band renormalization appears almost exclusively as upshifts in the VBM 25 . Band renormalization in 2D semiconductor systems is a strong function of momentum and depends specifically on carrier population in each valley 35 . heterobilayer with circularly polarized excitation (Fig. S6) . A recent TR-ARPES study with circular polarized pump excitation of bulk WSe2 also reveals that CB valley polarization is lost in ~100fs 44 . In contrast to the CB, hole transfer in the VB between MoS2 and WS2 may maintain a high degree of spin-valley polarization. Similar to the CB, VB wavefunctions at the K and K' points are confined within each monolayer [17] [18] [19] and hole transfer between MoS2 and WS2 may be assisted through the layer-mixed Γ valley. The large spin-orbit splitting at the K/K' points ensures that the K/K'à Γà K/K' hole transfer process may maintain a high degree of spin valley polarization. Moreover, the differentia band renormalization (Fig. 4) changes the energetic order between K/K'and Γ under photo-excitation, moving the latter out of energy range for efficient hole scattering.
In the presence of spin-valley polarized VB holes and unpolarized CB electrons, circularly Figure S1 . Determination of WS2/MoS2 crystal orientation via polarization-resolved second harmonic generation (SHG), in which the sample orientation is rotated relative to input laser polarization and collection polarization. The correlation between the phase and Γ-K (zigzag) direction is calibrated by SHG data obtained from CVD grown MoS2 monolayers. The twist angle between MoS2 and WS2 monolayers is determined to be 5±1°. 
Experimental Methods

Sample preparation
MoS2 and WS2 monolayers with mm-cm lateral sizes were obtained from a metal mediated exfoliation technique from bulk MoS2 (SPI Supplies) and WS2 (HQ graphene) single crystals. 1 For grounding in photoemission experiments, a 150 nm thick gold film is evaporated onto two sides of the heterostructures. The crystal orientations of the MoS2 and WS2 monolayers were determined by second harmonic generation (SHG), as shown in Fig. S1 . The heterobilayer sample is annealed at 250 °C in UHV (10 −10 Torr) for 4h before photoemission measurements.
Time and angle-resolved photoemission spectroscopy (TR-ARPES)
A detailed description of the visible pump -EUV probe TR-ARPES setup was published previously. 1 Briefly, The TR-ARPES measurements were carried out in the ultrahigh vacuum chamber (∼10 −10 Torr) at room temperature. The EUV probe light at 22 eV was generated with high harmonic generation (KMLabs, XUUS4, modified for 400 nm pump) from the second harmonic of a Ti:sapphire amplifier (Coherent Legend Elite Duo HE+, 10 kHz, 800 nm, 10 W, 35 fs). The visible pump light was obtained from a home-built noncolinear optical parametric amplifier (NOPA, 500-650nm, 35 fs, pumped with the same Ti:sapphire amplifier). The photoemitted electrons are measured on a hemispherical electron energy analyzer equipped with a 2D delay line detector (SPECS Phoibos-100).
